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Production of reactive oxygen species by tubular epithelial cells in
culture. Reactive oxygen species (ROS) have been implicated in the
pathogenesis of toxic, ischemic and immunologically-mediated renal
injury. Although substantial evidence exists for the production of ROS
by glomerular cells, little is known about production of these reactive
oxygen metabolites by renal tubular cells. We examined the ability of
cultured cells from different segments of the rabbit nephron to elaborate
ROS. Under basal conditions, cells of the proximal tubule, cortical
collecting duct, and papillary collecting duct produced superoxide
anion and hydrogen peroxide. Exposure to opsonized zymosan or
heat-aggregated gamma globulin significantly increased ROS produc-
tion by all three tubular cell types. The production of superoxide anion
and hydrogen peroxide was time dependent and increased with increas-
ing concentrations of the stimulating factors. These experiments indi-
cate that renal tubular cells have the potential to participate in renal
injury via elaboration of highly-reactive oxygen metabolites.
oxygen metabolites by nephron segments and to determine
some of the potential stimulating factors.
Primary cultures of rabbit proximal tubule, cortical collecting
duct, and papillary collecting duct were examined. ROS pro-
duction was measured in extracellular fluid after incubation of
cell monolayers with phorbol myristate acetate, serum treated
zymosan, and heat-aggregated immunoglobulin. Our results
indicate that all three types of tubular epithelia produced
augmented levels of ROS in response to heat-aggregated immu-
noglobulin and serum treated zymosan. These studies raise the
possibility that tubular cells may participate in the pathogenesis
of renal injury via the elaboration of potentially destructive
ROS.
Methods
Animal and tissue preparation
Reactive oxygen species (ROS) have been implicated in the
pathogenesis of renal injury. Treatment of animals with scav-
engers of superoxide anion, hydrogen peroxide, and hydroxyl
radical ameliorates the proteinuria and glomerular injury asso-
ciated with experimental nephritis [1—3] and puromycin nephro-
sis [4, 5]. Similar protective effects of antioxidizing agents have
been noted in models of acute renal failure due to renal artery
clamping [6—8] and glycerol, hemoglobin, or myoglobin infusion
[9, 101. Therefore, ROS may play a significant role in the
mediation of toxic, ischemic and immunologically mediated
renal damage.
Until recently, it was assumed that white blood cells infil-
trating into the renal parenchyma were the source of ROS [2,
11]. It has now become evident, however, that cells intrinsic to
the kidney can also produce ROS. Glomerular mesangial cells
in culture produce hydrogen peroxide and superoxide anion in
response to opsonized zymosan and immune complexes [1, 12].
In addition, resident glomerular macrophages are probably
capable of generating reactive oxygen metabolites. The ability
of renal tubular cells to secrete ROS, although implied by
scavenger studies, has little direct support. The present study
was thus undertaken to evaluate the production of reactive
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Primary cultures of renal tubular epithelia were established
from kidneys harvested from New Zealand White rabbits
weighing 2.0 to 2.5 kg.
Proximal tubular (PT) cells were isolated as previously de-
scribed [13]. The renal cortex was minced, incubated with 1%
collagenase (Type IV, Worthington, Freehold, New Jersey,
USA) and centrifuged on a Percoll (Sigma Chemical Co., St.
Louis, Missouri, USA) density gradient. The F4 fraction,
containing 96% PT cells [13], was collected, washed, and
cultured in 50:50 DMEM:F12 containing S g/ml insulin, 5
jg/ml transfernn, 5 ng/ml selenium, 50 flM hydrocortisone, and
5% fetal bovine serum. Ninety-five percent of the cells stained
positive for alkaline phosphatase as determined by the naphthal
AS-MX method [14]. Additionally, 100 flM PTH, but not I M
ADH, increased cAMP production by these cells. No attempt
was made to separate proximal convoluted from proximal
straight segments.
Papillary collecting duct (PCD) cells were obtained by the
method of Greiner, Smith and Smith [15]. Papillae were dis-
sected out and digested with 1% collagenase (Type IV, Wor-
thington) and 0.1% DNAse I (Sigma). Non-collecting duct cells
were lysed by hypotonic shock. Papillary collecting duct cells
were cultured in 50:50 DMEM:F12 containing 5 p.g/ml insulin, 5
g/ml transferrin, 5 ng/ml selenium, 50 flM hydrocortisone and
25 ng/ml PGE1. These cells in culture increased cAMP in
response to 10 flM ADH or 100 nM isoproterenol, and increased
cGMP in response to 10 flM atrial natriuretic peptide.
Cortical collecting duct (CCT) cells were isolated by iminu-
nodissection [16]. Briefly, cortical tissue was minced, incubated
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with 0.1% collagenase (Gibco, Grand Island, New York, Inc.),
and sieved through Gelman wire meshes. Cortical collecting
tubule cells were immunodissected on plates coated with
IgG3(rct-30) (hybridoma provided by Dr. William Spielman,
Michigan State University) as previously described [16]. Ad-
herent cells were cultured in 50:50 DMEM:F12 containing 5
g/ml insulin, 5 j.tg/ml transferrin, 5 nglml selenium, 50 flM
hydrocortisone, 25 ng/ml PGE1 and 5 M triiodothyronine.
Cultured CCT cells increased cAMP in response to 10 flM ADH,
but not 1 jLM PTH.
Cells were plated on 6 or 12 well tissue culture plates (Falcon,
Fisher, St. Louis, Missouri, USA) and grown at 37°C in a 5%
CO2 incubator. All studies were undertaken when cells were 80
to 100% confluent. No fibroblasts were apparent upon visual
inspection. Cyclic AMP and cGMP were measured using a
standard radioimmunoassay procedure [17].
Agents used to stimulate ROS production
Three different types of mediators were utilized to provoke
ROS production by renal tubular epithelia. Phorbol myristate
acetate (PMA, Sigma), a membrane perturbating agent and
activator of protein kinase C, induces ROS production in
leukocytes [18, 19]. It was tested here in a concentration range
of 2 to 20 nM.
Zymosan particles (Sigma) were washed and exposed to fresh
rabbit serum (100 mg zymosan per 6 ml serum) at 37°C for 20
minutes. Zymosan activates complement, and in the process
becomes opsonized. This serum treated zymosan (STZ) is able
to adhere and be taken up by phagocytic cells [18]. In the
process of adherence, STZ promotes generation of ROS [20]. In
this study STZ was used in a concentration range of 0.125 to 2
mg/ml.
Heat-aggregated immunoglobulin G (IgG) was made by incu-
bating bovine gamma globulin (BGG, Sigma) at 63°C for one
hour [20]. The aggregates so formed have been used to stimu-
late superoxide anion production from neutrophils and mesan-
gial cells, presumably via binding to membrane Fc receptors [I,
20]. Bovine gamma globulin was used in a concentration range
of 10 to 250 g/ml in these experiments.
The concentrations of the activating agents employed in the
current study were based upon previously published doses
which were found to be effective in stimulating ROS production
by leukocytes or mesangial cells [12, 18—21].
Reactive oxygen species assays
Superoxide anion assay. Superoxide anion (O) was mea-
sured by its ability to reduce ferricytochrome c (Type VI,
Sigma) as previously described [221. Cell monolayers were
incubated in air at 37°C with phenol red free Hank's balanced
salt solution (HBSS) containing 80 sM cytochrome c and
various concentrations of one of the ROS stimulating agents
described above. In all experiments triplicate cell monolayers
were used for each separate condition. Basal 02 production by
the monolayers was assessed in the absence of any of the
stimulating factors. Non-specific reduction of ferricytochrome c
was controlled for by the addition of 40 g/ml of superoxide
dismutase (Sigma) to the cytochrome c solution prior to incu-
bation with selected monolayers. At specified time intervals the
supernatant was removed from the cell monolayer, centrifuged
at 10,000 x g at 4°C to remove any cellular debris and
particulate stimuli, and absorbance measured in a Beckman
Ultrospec II spectrophotometer at 550 nm. The extinction
coefficient of cytochrome c at 550 nm was taken as 2.1 x io
M1 cm' [23]. Protein content of the monolayer was measured
by the Bradford technique [24] after lysis with 0.1 N NaOH.
Superoxide anion production was expressed as nmoles of
cytochrome c reduced/time/mg of cell protein.
Hydrogen peroxide assay. Hydrogen peroxide (H202) pro-
duction was measured by the method of Pick and Keisari [19].
The assay is based on horseradish peroxidase (HRPO)-medi-
ated oxidation of phenol red by H202, resulting in a product
with maximal absorbance at 610 nm. Absorbance is compared
to that of a standard curve of hydrogen peroxide. Cell mono-
layers were incubated with 0.28 M phenol red (Sigma) in
potassium-phosphate buffered saline, containing 50 pg/ml
HRPO (Sigma). Various concentrations of the agonists were
added, and the incubation carried out for specified time inter-
vals at 37°C. Supernatants were removed from the cell mono-
layers, centrifuged, alkalinized with 10 /Ll of 1 N NaOH, and
absorbance determined at 610 nm. All reactions were done in
triplicate. Monolayer protein was determined as above, and
results expressed as nmoles H202 produced/time/mg cell pro-
tein.
Phagocytosis assay
To rule out significant macrophage contamination of the
epithelial monolayers, we examined the cell cultures for the
presence of phagocytic cells [25]. Serum treated zymosan was
incubated with the various monolayers at an approximate ratio
of at least five particles per cell. After 30 minutes non-adherent
particles were washed away, and the incubation continued for
another 30 minutes. The monolayers were then washed, fixed
with methanol, and stained with a Duff Quick stain set (Ameri-
can Scientific Products, McGaw Park, Illinois, USA). The
percentage of cells internalizing one or more zymosan particles
was determined. Resident peritoneal macrophages obtained by
lavage of rat peritoneal cavities served as positive phagocytic
controls.
Statistics
All results are expressed as mean SEM. Significance was
assessed by analysis of variance. A P value 0.05 was
considered significant.
Results
Time dependence of ROS production
Epithelial cells from each segment of the rabbit nephron
demonstrated a small basal production of superoxide anion and
hydrogen peroxide which tended to increase with time (Fig. 1).
Production of °2 and H,02 was markedly enhanced by
exposure to various stimulating agents. Using concentrations of
BGG and STZ which were found to give maximal responses in
preliminary experiments, the relation of 02 and H202 accu-
mulation to the duration of exposure of the cell monolayers to
these factors was assessed. As illustrated in Figure 1, aug-
mented O, was detected as early as five minutes after expo-
sure to BGG and within five to 15 minutes of exposure to STZ
in each cell type. Superoxide anion production in response to
BGG appeared to plateau between 30 and 60 minutes in the PT;
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this was not evident in the PCD and CCT cells. The 02
response to STZ saturated at 30 minutes in the PT cells, but
continued to accumulate linearly with time in the other nephron
segments. Hydrogen peroxide production stimulated by BGG
was evident within five to 15 minutes in all cell types, and
tended to level off after 30 to 60 minutes in the PCD and CCT.
Production continued to increase throughout the 60 minute
incubation with the PT cells. Opsonized zymosan did not
augment H202 production by any of the cell types at 5, 15, 30 or
60 minutes of incubation. Phorbol myristate acetate was not
effective in stimulating ROS production above baseline by renal
tubular epithelia at 5, 15, 30 or 60 minutes of exposure (data not
shown).
Dose dependence of ROS production
The dose-response relationship of ROS production by the
epithelial monolayers was examined by exposing the cultured
cells to various concentrations of the stimulating agents for one
hour and then measuring 02 and H202 production. This time
point was chosen because it represented the largest accumula-
tion of ROS. As illustrated in Figure 2, 02 production by all
three cell types increased in a linear fashion in response to
increasing concentrations of heat-aggregated bovine gamma
globulin. This response did not plateau even at the highest
concentration of BGG used. In contrast, 02 response to STZ
increased to a maximum at a concentration of 0.5 mglml, and
remained stable at higher doses. Hydrogen peroxide production
BGG, pg/mi STZ, mg/mi
Fig. 2. Dose dependence of superoxide anion production. 02 produc-
tion was measured for 60 minutes of incubation with various doses of
heat-aggregated gamma globulin (BGG) and serum treated zymosan(STZ). PCD = papillary collecting duct, CCT = cortical collecting
tubule, PT = proximal tubule. N = 3 for each condition. * P < 0.002,
+ P < 0.05 as compared to control.
increased with increasing concentrations of BGG, the response
plateauing at a concentration of 100 g/ml in the PT and PCD
cells (Fig. 3). Hydrogen peroxide production in the CCT did not
appear to saturate with BGG, but was statistically different than
control only at the highest concentration of BGG used (Fig. 3).
Comparison of ROS production by tubular cell types
Figures 4 and 5 illustrate respectively a comparison of 02
and H202 production by each cell type. For these experiments
doses of the stimulating agents which caused maximum re-
sponses were used. Superoxide anion and hydrogen peroxide
were measured after a one hour incubation period to ensure
maximum accumulation of ROS and to facilitate comparison
between the different cell types. In certain cells (for example,
proximal tubule) maximum ROS production was reached earlier
than 60 minutes, but there was no decrement in the response
with time. As shown, for both O2 (Fig. 4) and H202 (Fig. 5),
cells of the PCD demonstrated the greatest quantitative produc-
tion of these species. As previously noted, BGG stimulated
both 02 and H202, STZ enhanced only 02, and PMA was
ineffective.


















Fig. 1. Time dependence of superoxide anion and hydrogen peroxide
production. O and H202 production was measured as a function of
time under basal conditions (solid line), and after stimulation with
serum treated zymosan (STZ, 2 mg/mI, dotted line) or heat-aggregated
bovine gamma globulin (BGG, 250 pg/ml, dashed line). PCD = papillary
collecting duct, CCT = cortical collecting tubule, PT = proximaJ
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Fig. 3. Dose dependence of hydrogen peroxide production. H202 pro-
duction was measured for 60 minutes of incubation with various doses
of heat-aggregated gamma globulin (BGG). PCD = papillary collecting
duct, CCT = cortical collecting tubule, PT = proximal tubule. N = 3 for
each condition. * P <0.01, + P < 0.05 as compared to control.
Fig. 4. Superoxide anion production by renal tubular cells. Basal and
stimulated 02 production were measured in tubular cells for 60
minutes of incubation with the following mediators: (E') buffer alone,
phorbol myristate acetate (•) 20 n, serum treated zymosan () 2
mg/mi, heat-aggregated bovine gamma globulin () 250 pg/mI. Tubular
segments are: PCD, papillary collecting duct; CCT, cortical collecting
tubule; PT, proximal tubule. N = 6 to 10 for each condition. + P < 0.04,
* P < 0.001 as compared to control.
Fig. 5. Hydrogen peroxide production by renal tubular cells. Basal and
stimulated H202 production was measured in tubular cells for 60
minutes of incubation with the following mediators: (U) buffer alone,
phorbol myristate acetate () 20 nM, serum treated zymosan () 2
mg/mi, heat-aggregated bovine gamma globulin () 250 ag/ml. Tubular
segments are: PCD, papillary collecting duct; CCT, cortical collecting
tubule; PT, proximal tubule. N = 6 to 10 for each condition. * P <
0.001, + P < 0.05 as compared to control.
Assessment of leukocyte contamination of epithelial cultures
Light microscopic evaluation of the tubular cell monolayers
did not reveal any cells with the morphologic characteristics of
macrophages. The monolayers were also examined for the
presence of cells capable of phagocytosing opsonized zymosan
particles. Less than 0.4% of the cells in PT, CCT, and PCD
cultures were able to internalize one zymosan particle. No cells
took up more than one particle. In contrast, greater than 50
These data demonstrate that tubular epithelial cells are capa-
ble of producing and secreting reactive oxygen metabolites.
Proximal tubule, cortical collecting tubule, and papillary col-
lecting duct cells produced low basal levels of superoxide anion
and hydrogen peroxide. Similar to their effect on mesangial
cells and leukocytes, serum treated zymosan or heat-aggregated
immunoglobulin significantly increased ROS generation by each
cell type. In contrast, PMA markedly enhanced ROS produc-
tion by leukocytes, but had no effect on the renal tubular cells
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percent of peritoneal macrophages demonstrated five particles
per cell, with almost every cell having ingested at least two to
three particles.
Discussion
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compounds upon stimulation with some, but not all factors
known to affect other cell types.
In the current studies both STZ and BGG increased 02
production. In contrast, only BGG increased H202 production.
The reason for this discrepancy is not apparent, however a
number of possibilities exist. Since the normal stoichiometric
ratio of 02 :H202 is 2:1 [26], and since STZ caused a smaller
rise in 02 than did BGG, it is possible that a small effect of
STZ on H202 accumulation was not detected. Additionally, as
Ward and Weiss have pointed out [26], H202 production and
release can be modified by changes in cell membrane transport
and/or rates of metabolism.
The magnitude of the ROS generation by renal tubular cells
appears to be significantly less than that produced by other cell
types. Using mesangial cells, investigators have documented an
02 production of 35 nmol/mg protein after exposure to 150 to
300 g of immune complexes for one hour [211, and 38 nmol/mg
protein upon stimulation with 1 mg/mI of STZ for 30 minutes
[27]. Macrophages have been shown to produce 33 to 77 nmol
02/mg protein/30 minutes when incubated with serum treated
zymosan [28]. In contrast, 02 production by epithelial cells in
this study ranged from 9 to 12 nmol/mg protein/hr in response to
BGG, and approximately 3 to 7 nmollmg protein in 30 minutes
in response to opsonized zymosan. Direct comparison with
literature values of H202 production by mesangial cells is more
difficult as these are expressed as a function of cell number;
however, Baud et a! have shown that concentrations of STZ
between 0.5 and 2.0 mg/ml resulted in mesangial production of
30 nmol H202/l06 cells/30 minutes [12]. Macrophages have been
shown to produce 38 nmol H202/mg protein/30 minutes with 0.5
mg/ml of opsonized zymosan [19]. Tubular epithelial cells did
not respond to STZ with increased ROS production in these
studies, but elaborated 2 to 6 nmol/mg protein/30 minutes in
response to bovine gamma globulin. That tubule cells produce
lower amounts of ROS obviously does not preclude a patho-
physiologic role for these generated oxygen metabolites. Deter-
mination of such functional significance awaits studies quanti-
tating lipid peroxidation and ROS-mediated cell damage.
The time course of production of these ROS by renal tubular
epithelia is similar to that reported in the literature for mesan-
gial cells. Superoxide anion production reached maximum
levels and plateaued 60 minutes after stimulation with immune
complexes [26] and 30 minutes after stimulation with opsonized
zymosan [12]. Hydrogen peroxide accumulated progressively
with time, no plateau having been attained by 60 minutes [12].
These studies also demonstrated 02 production within 5 to 10
minutes of stimulation [12, 211, and H202 production within 10
to 20 minutes [12, 29], again similar to that of the tubular
epithelial cells in this study.
The mechanism by which BGG and STZ stimulate renal
tubular cell ROS production remains to be elucidated. The
major effectors of oxygen radical production act by binding to
the cell membrane. This results in a specific membrane pertur-
bation and/or phagocytosis of the agent [18]. In the current
studies, phagocytosis of STZ does not appear to be a require-
ment since STZ was not internalized by the epithelial cells. This
is consistent with other studies using STZ and BGG which have
shown that phagocytic uptake is not necessary for ROS stimu-
lation [20]. Immunoglobulin is thought to augment ROS produc-
tion via binding to Fe receptors [21]. Thus, although these
experiments do not define the mechanism of STZ and BGG
stimulation of ROS, the data are consistent with a membrane
receptor interaction independent of phagocytosis. Obvious can-
didates for such binding sites are the Fc and C3 receptors.
Neither receptor has been identified on renal tubular epithe-
hum; relevant studies are currently in progress in this labora-
tory.
These studies indicate that in addition to glomerular cells,
tubular cells have a mechanism by which they can externalize
mediators of cell injury. It is thus conceivable that the tubules
may participate in the pathogenesis of renal disease in which
ROS are thought to play a role. Given the "immune nature" of
the stimulating factors used in this study, it is interesting to
speculate that tubular secretion of ROS during immune injury of
the kidney participates in the development of interstitial disease
so often found accompanying glomerulonephritis. Tubular pro-
duction of ROS may also play a role in toxin-induced nephron
injury. As previously mentioned, myoglobin and hemoglobin
cause isolated tubulointerstitial damage and a rise in lipid
peroxidation [9, 10]. Application of these substances directly to
isolated tubular epithelium should shed light on the role of
reactive oxygen metabolites in mediating cell injury.
In summary, this report provides direct evidence that renal
tubular epithelial cells secrete superoxide anion and hydrogen
peroxide upon stimulation. Although the mechanisms involved
in the elaboration of ROS remains to be determined, as does the
exact role of tubular ROS in renal disease, the potential for
cellular injury mediated by these highly reactive species is
clear.
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